The herpes simplex virus type 2 (HSV-2) US2 gene product was identified by using a rabbit polyclonal antiserum raised against a recombinant 6iHis-US2 fusion protein expressed in Escherichia coli. The antiserum reacted specifically with a 39 kDa protein in HSV-2 strain 186-infected cell lysates. The protein was not detectable in the presence of the virus DNA synthesis inhibitor phosphonoacetic acid. Indirect immunofluorescence studies localized the US2 protein in the cytoplasm and as discrete granules at late times post-infection within and at the
Introduction
Herpes simplex virus (HSV) is a large DNA virus whose genome encodes approximately 80 genes (Dolan et al., 1998) . Recent studies have shown that more than half of these genes are not essential for replication of the virus in cell culture (Roizman & Sears, 1996) : of the 13 genes within the short unique (Us) region of the HSV-1 genome, only US6 is essential. However, these dispensable gene products are thought to be important for virus growth and spread in the natural host.
The US2 gene of HSV-2 is predicted to encode a 291-amino-acid protein with a molecular mass of 33 kDa (McGeoch et al., 1987) , and homologues of the US2 protein are encoded by many alphaherpesviruses and unclassified herpesviruses of birds, including HSV-1 (McGeoch et al., 1985) , pseudorabies virus (van Zijl et al., 1990 ), Marek's disease virus (MDV) (Ross et al., 1991 ; Sakaguchi et al., 1992 ; Brunovskis & Velicer, 1995) , equine herpesvirus type 1 (EHV-1) (Telford et al., 1992) and type 4 (EHV-4) (Nagesha et al., 1993) , herpesvirus of turkeys (HVT) (Zelnı! k et al., 1993) , bovine herpesvirus type 1 (LeungTack et al., 1994) and infectious laryngotracheitis virus (ILT) (Wild et al., 1996) . In contrast, varicella-zoster virus (VZV) Author for correspondence : Yukihiro Nishiyama.
Fax j81 52 744 2452. e-mail ynishiya!tsuru.med.nagoya-u.ac.jp periphery of the nucleus, and nuclear fractionation studies showed that the protein was partially associated with the nuclear matrix of infected cells. The protein was easily detected in purified virions. Also, a US2 insertion mutant was constructed which contained an ICP6-lacZ insertion in the US2 gene. This mutant was as virulent as wild-type virus in mice when inoculated by the footpad route. The importance of the US2 protein of HSV-2 in the virus life-cycle may be apparent only in the natural human host.
does not encode a US2 homologue (Davison & Scott, 1986) . MDV, HVT and ILT were once placed in the subfamily Gammaherpesvirinae, based on their common ability to cause a lymphoproliferative disease in chickens. However, their genome structures have been shown to be similar to alphaherpesviruses (Roizman et al., 1992) . Studies of US2 homologues have revealed the following : (1) the US2 protein of HSV-1 is predicted to have a hydrophobic N terminus (McGeoch et al., 1985) ; (2) the US2 gene of HSV-1 is nonessential in cell culture and is not involved in virus pathogenesis in the central nervous system of mice (Longnecker & Roizman, 1987 ; Weber et al., 1987) ; (3) the US2 gene of MDV is non-essential in vitro and in vivo (Cantello et al., 1991 ; Parcells et al., 1994 Parcells et al., , 1995 ; (4) the US2 gene of EHV-1 is expressed as a γ " -class gene (Breeden et al., 1992) ; and (5) the observed molecular mass of the US2 protein of HVT expressed by in vitro transcription and translation is the same as that predicted from its sequence (Zelnı! k et al., 1994) . To our knowledge, however, there is no report on the identification and characterization of the US2 gene product of HSV.
In this study, we generated rabbit polyclonal antisera specific for the US2 gene product of HSV-2, and examined the expression and properties of the US2 gene product. We also isolated a US2 insertion mutant which was found to be as virulent as the parental HSV-2 in mice. 
Methods
Cells and viruses. Vero cells, a stable line of African green monkey kidney cells, were grown in Eagle's minimal essential medium supplemented with 5 % calf serum, 100 IU\ml penicillin and 100 µg\ml streptomycin, and were used throughout this study. Wild-type HSV-1 strain KOS and HSV-2 strain 186 were propagated and titrated on Vero cells. Vero cells were infected at a multiplicity of 3 p.f.u. per cell.
Construction and isolation of an insertion mutation in the US2 gene. The plasmid pHL contains the HindIII L fragment from HSV-2 strain 186, which is located in the Us region of the HSV-2 genome (Fig.  1) , and was constructed as described previously (Tsurumi et al., 1986) . A 1n0 kbp HindIII-BglII fragment containing the entire US2 gene was isolated from pHL and inserted into pBluescript (Stratagene) to create the plasmid pHS2. The plasmid pON110, which carries the lacZ gene under the control of the HSV-1 ICP8 promoter and the simian virus 40 (SV40) polyadenylation signal at the 3h end of the lacZ coding sequence, was digested with BamHI, separated by electrophoresis on a 1 % agarose gel, and the 4n3 kbp BamHI fragment containing the β8 promoter fused to the lacZ reading frame was isolated. The plasmid pHZS2 was then constructed by insertion of this 4n3 kbp BamHI fragment into the BamHI site that is present in pHS2 within the US2 gene. A US2 lacZ insertion mutant YY2 was isolated as described previously (Nishiyama et al., 1992) .
Generation of polyclonal antisera in rabbits.
The US2 open reading frame (ORF) is located at the left end of the Us region of the HSV-2 genome (McGeoch et al., 1987 ; Dolan et al., 1998) . US2 coding sequences were cloned by PCR amplification from HSV-2 186 genomic DNA, by using the synthetic oligonucleotide US2N (5h GTGGAA-TTCATGGGCGTTGTTGTTGTAAGT) as the forward primer and the synthetic oligonucleotide US2C (5h CGACACCGCTCGAGCGTGT-AATG) as the reverse primer. EcoRI and XhoI sites were incorporated into the forward and reverse primers, respectively, to facilitate cloning. PCR amplification was carried out as described previously (Yamada et al., 1997) . The PCR product was digested with EcoRI and XhoI and cloned inframe into the E. coli expression vector pET-28a (Novagen), downstream of the initiating ATG and six histidine-encoding codons, to give the plasmid pET28-US2. Expression of this fusion protein from a phage T7 promoter is regulated by the IPTG-inducible lac operator sequence. Translation was expected to terminate at the stop codon of the US2 gene. Plasmid pET28-US2 was transformed into E. coli strain BL21(DE3) (Novagen) which, following induction with IPTG, expressed large quantities of 6iHis-US2 fusion protein. Purification of the US2 fusion protein and immunization were done as described previously (Yamada et al., 1998) . Both preimmune and immune antisera were extensively adsorbed against acetone powder of E. coli strain BL21(DE3) and uninfected Vero cells prior to use, as described by Harlow & Lane (1988) .
Western blotting. Proteins were electrophoretically transferred from SDS-PAGE gels to PVDF membranes as described by Towbin et al. (1979) . Bound primary antibodies were detected using horseradish peroxidase-linked sheep anti-rabbit immunoglobulin G (IgG) (Amersham) and ECL Western blotting detection reagents (Amersham). The specific antiserum for the UL31 protein was described previously (Yamada et al., 1998) .
Indirect immunofluorescence. The indirect immunofluorescence assay was performed essentially as described by Ward et al. (1996 b) . For secondary antibodies, we used fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit IgG (Sigma). Fluorescent images were viewed and recorded with the Bio-Rad MRC-series confocal imaging system. For transfection experiments, the PCR product of the US2 gene was cloned into the plasmid pCR3 (Invitrogen) under the control of the cytomegalovirus promoter, to give the plasmid pCR-US2. Vero cells were transfected with pCR-US2 using TransIT transfection reagents LT1 (PanVera) and were fixed following incubation at 37 mC for 24 h.
Preparation of nuclear matrix. Nuclei and nuclear matrix were isolated as described previously (Yamauchi et al., 1985 ; Yamada et al., 1998) .
Virion purification. Virus particles were isolated as described by Szila! gyi & Cunningham (1991) .
Mice and method of inoculation. The pathogenicity of the US2 mutant in mice was investigated as described previously (Nishiyama et al., 1992) .
Results and Discussion

Construction of a US2 insertion mutant
According to the sequence of the Us region, a BamHI site is present within the US2 gene in the 9n6 kbp HindIII L fragment. BamHI cleaves the US2 ORF, which encodes 324 amino acids, at residue 39. In order to inactivate the US2 gene, we determined to use this BamHI site for insertion of a 4n3 kbp BamHI fragment that contained the lacZ gene under the control of the HSV-1 ICP8 promoter and the SV40 polyadenylation signal (Fig. 1) .
Vero cells were cotransfected with intact HSV-2 186 DNA and linearized pHZS2 DNA (which contains the lacZ-inserted US2 gene), and then blue-plaque-producing viruses were selected from progeny viruses in the presence of the indicator dye, X-Gal. Approximately 0n5 % of the progeny viruses made blue plaques in the presence of the X-Gal. One of these mutants was plaque-purified six times, propagated in Vero cells, and used in further studies. The mutant was designated YY2. The sequence arrangement of YY2 was ascertained by restrictionenzyme-digestion and Southern blotting experiments (unpublished results). 
Preparation and specificity of anti-US2 protein antiserum
As a next step toward the study of the US2 protein, three rabbit polyclonal antisera specific to this protein were raised by using recombinant US2 fusion protein produced in E. coli as an antigen. For this purpose the plasmid pET28-US2 was constructed. This plasmid expresses the entire US2 ORF with a 6iHis tag attached to the N terminus. High levels of the resulting 52 kDa fusion protein were expressed in E. coli following induction by IPTG (Fig. 2 a, lane 2) . The induced fusion protein was purified (lane 3) and used for immunization.
To examine the reactivity and specificity of three anti-US2 antisera, Western blotting experiments were performed. Vero cells were mock-infected or infected with HSV-1 KOS, HSV-2 186 or the US2-mutant YY2 at a multiplicity of 3 p.f.u. per cell. Fig. 2 (b) shows that one of the US2 antisera reacted with a polypeptide in the HSV-2 186-infected cell lysates that had an apparent molecular mass of 39 kDa (lane 3). However, this band was not detected in mock-, HSV-1 KOS-or YY2-infected cells (lanes 1, 2 and 4) . The other two US2 antisera showed the same results on Western blotting (not shown). Inasmuch as this protein exhibited an electrophoretic mobility comparable to the predicted molecular mass of the US2 protein, it is reasonable to conclude that this 39 kDa protein was the product of the HSV-2 US2 gene. The preimmune serum did not react with any specific proteins in HSV-2-infected cells (not shown). Therefore, we used this polyclonal antiserum for further experiments to characterize the US2 protein of HSV-2.
Expression of US2 protein in infected cells
Expression of US2 protein during a lytic HSV-2 replication cycle in infected cells was analysed. The temporal class of HSV-2 genes to which the US2 gene belongs was determined from the following data and experiments with a virus DNA synthesis inhibitor, phosphonoacetic acid (PAA). Vero cells were infected with HSV-2, and extracts of cellular proteins were prepared at indicated times post-infection (p.i.). As shown in Fig. 3 (a) , the US2 protein was not detected at 5 h p.i. (lane 1). It was detected at 10 h p.i. (lane 2), increased in amount and reached its highest level at 25 h p.i. (lane 5). Since the US2 protein appeared late in infection, it was reasoned that the gene belongs to either the γ " or γ # class of HSV genes. To define the temporal class to which the gene belongs, infected cells were incubated in the presence of 300 µg\ml PAA to inhibit viral DNA synthesis. US2 protein was not detected in the presence of PAA (lane 6), suggesting that the US2 protein is synthesized from a γ # gene. However, it is possible that the amount of US2 protein in the presence of PAA was too low to be detected by Western blotting. Therefore, to define the US2 gene precisely as a γ # gene would necessitate study of the kinetics of expression by Northern blotting.
Intracellular localization of US2 protein
Two sets of experiments were done to determine the localization of US2 protein. NP40 or with 0n5 % NP40 plus 0n5 % deoxycholic acid (DOC). As shown in Fig. 3 (b) , US2 protein partitioned into both cytoplasmic and nuclear fractions (lanes 1 and 2). The UL31 protein, which is a nuclear phosphoprotein and was used as a control, was not detected in the cytoplasmic fraction (Chang & Roizman, 1993) . Since the nuclear fraction obtained by NP40 lysis contains perinuclear filamentous structures (Yamauchi et al., 1985) , DOC was also used to remove perinuclear structures from the nuclear fractions. Although the addition of DOC reduced the amount of US2 protein detected in the nuclear fraction, a significant amount of US2 protein still partitioned into the nuclear fraction (lanes 3 and 4). A small amount of UL31 protein was detected in the cytoplasmic fraction. Next, the intracellular distribution of US2 protein in HSV-2-infected cells was analysed by indirect immunofluorescence experiments. As shown in Fig. 4 (c) , US2 protein was distributed in the cytoplasm and in bright fluorescent granules within and near the periphery of the nucleus at 17 h p.i. These structures were absent from mock-infected cells (Fig. 4 b) , and no significant fluorescence was observed with the preimmune serum (Fig. 4 a) . In addition, the intracellular localization of US2 protein expressed from a eukaryotic expression vector was examined. Vero cells were transfected with pCR-US2 and analysed by indirect immunofluorescence experiments. In the absence of other viral proteins, US2 protein was limited to the cytoplasm (Fig. 4 d) , indicating that an interaction with one or more other virus-induced proteins was responsible for nuclear localization during infection.
To our knowledge, localization patterns within HSVinfected nuclei at late times p.i. showing several discrete granules like those of US2 protein have been reported in two previous cases ; of capsid proteins and of virus replication and transcription sites. Firstly, it has been demonstrated that the capsid proteins ICP35, VP5 and VP19c coalesce at late times p.i. and form antigenically dense structures within the nucleus. These structures, designated assemblons, are located at the periphery of the nucleus, close to, but not abutting, the nuclear membrane, and they frequently adjoin large globular structures composed of proteins involved in DNA replication (Ward et al., 1996 b) . The UL43.5 and UL16 proteins are reported to colocalize with these capsid proteins (Ward et al., 1996 a ; Nalwanga et al., 1996) . It has also been reported that the UL15 protein, which is required for packaging of viral DNA into capsids, localizes to DNA replication compartments but not to assemblons (Ward et al., 1996 b) . Secondly, Phelan et al. (1997) have demonstrated that both replication and transcription sites CHIA US2 protein of HSV-2 US2 protein of HSV-2 4) , pellet after DNase I treatment (lanes 2 and 5) and pellet after high-salt treatment (nuclear matrix) (lanes 3 and 6), were separated by SDS-PAGE, and the gel was stained with silver. The positions of VP5 and ICP8 are shown. The same blot was probed with US2 and UL31 antisera. The US2 and UL31 proteins are indicated. 4) , purified H particles (lanes 2 and 5) and purified L particles (lanes 3 and 6) were separated by SDS-PAGE, and the gel was stained with silver. The same blot was probed with US2 and UL31 antisera. The US2 and UL31 proteins are indicated.
are located throughout the nuclear interior, as visualized by direct labelling methods. They also showed that replication sites co-localize with viral DNA replication and packaging proteins, but are largely distinct from the punctate distribution of small nuclear ribonucleoprotein particles. We are thus studying the association of US2 protein with capsid proteins or replication and transcription sites.
Association of US2 protein with the nuclear matrix of infected cells
The distribution of US2 protein in the nuclei of infected cells raised the possibility that it was associated with the nuclear matrix. To test this hypothesis, nuclei of HSV-2-infected cells were fractionated at 17 h p.i. As shown in Fig. 5 , the major DNA-binding protein ICP8 was not detected in the nuclear matrix. In contrast, the major capsid protein VP5 was markedly concentrated in the nuclear matrix (Ben-Ze'ev et al., 1983 ; Quinlan & Knipe, 1983) . There were several additional proteins which were associated with the nuclear matrix. The US2 protein was detected in all three fractions ; the supernatant and the pellet after DNase treatment, and the pellet after highsalt treatment (the nuclear matrix). In these experiments, the UL31 protein, which is known to be tightly associated with the nuclear matrix (Chang & Roizman, 1993) , was used as a control. As expected, it was only detected in the nuclear matrix.
The nuclear matrix is a proteinaceous nuclear substructure that typically is prepared by sequential treatment of isolated nuclei with non-ionic detergents, nucleases and high salt (Capco et al., 1982) , and is also defined as the nuclear skeleton, since it maintains the physical shape and integrity of the nucleus. It has been suggested that the nuclear matrix plays an active role in many molecular processes such as chromatin organization, DNA replication, gene transcription, RNA splicing and attachment of supercoiled DNA loops (reviewed by Berezney, 1991) . It has been shown by electron microscopic examination that empty capsids of HSV are tightly bound to the filamentous network of the nuclear matrix (Tsutsui et al., 1983) , and that five DNA-binding viral proteins are present in the nuclear matrix (Pinard et al., 1987) . The UL31 and US10 proteins were recently reported to be associated with the nuclear matrix, and these proteins are not detected in the supernatant after DNase treatment (Chang & Roizman, 1993 ; Yamada et al., 1997) . In contrast, the major capsid protein VP5, which requires the scaffolding protein ICP35 for localization to the nucleus (Nicholson et al., 1994) , is detected both in the supernatant after DNase treatment and in the nuclear matrix. Thus, together with the results of our immunofluorescence experiments, these data suggest that the association of US2 protein with the nuclear matrix is dependent on one or more other viral proteins intrinsically associated with the nuclear matrix. The scaffolding protein ICP35 could be a candidate.
US2 protein detected in purified virions
To determine whether US2 protein is a component of HSV-2 virions, extracellular virions were purified as described by CHIB Y.-M. Jiang and others Y.-M. Jiang and others Szila! gyi & Cunningham (1991) . The protein composition of each fraction was analysed by SDS-PAGE followed by silver staining (Fig. 6) . By using Ficoll-gradient centrifugation, virions can be separated into H and L particles. The L particles are characterized by the absence of capsid proteins (Szila! gyi & Cunningham, 1991) , and the major capsid protein VP5 was not detected in purified L particles. Detectable levels of US2 protein were observed easily both in H and L particles (lanes 5, 6), suggesting that US2 protein may be a major component of virions. UL31 protein, which is reported not to be present in virions (Blaho et al., 1994) and was used as a control, was not detected in either H or L particles.
Preliminary experiments to determine whether the US2 protein was associated with intracellular capsids fractionated by sucrose-gradient centrifugation showed that it was uniformly present throughout the gradient (not shown). It has been reported that relative levels of UL6 and UL12.5 proteins, minor components of capsids, are significantly enhanced in fractions representing A, B and C capsids (Patel & Maclean, 1995 ; Bronstein et al., 1997) . At present, it remains unclear when and where the US2 protein is bound to capsids.
An insertion mutation in the US2 gene has little effect on virulence in mice
To characterize the phenotype of a US2 insertion mutant, we compared the growth curves of the insertion mutant YY2 and parental HSV-2 186 in Vero cells. Confluent monolayers of Vero cells were infected with each virus at a multiplicity of 3 p.f.u. per cell. At various times after infection, the titre of infectious virus in the culture medium was determined. As reported previously for US2 mutants of HSV-1 (Longnecker & Roizman, 1987 ; Weber et al., 1987) , YY2 replicated in Vero cells as efficiently as the parental virus and produced a comparable number of progeny (not shown). It has also been reported that inactivation of the US2 gene has little effect on virus pathogenicity in mice after intracerebral infection (Weber et al., 1987) . However, it is well known that the virulence of HSV is highly dependent on the route of infection. For example, many laboratory strains of HSV-1 are highly virulent by the intracerebral route but highly attenuated by the peripheral route of infection (Schro$ der & Ku$ mel, 1986) ; inactivation of the US3 gene does not cause marked reduction of virulence by the intracerebral route but it does by the footpad and abdominal routes of infection (Nishiyama et al., 1992) . Thus, we next investigated the virulence phenotype of YY2 in mice by the footpad route. To quantify virulence, 4-week-old male ICR mice were inoculated on the footpad with aliquots of serial 10-fold dilutions of virus and followed for 30 days, at which time mortality was determined. LD &! values were calculated by the method of Reed & Muench (1938) . As shown in Table 1 , the LD &! (p.f.u.) of YY2 was only a little higher than that of the parental wild-type virus, while the US3-deficient mutant L1BR1 exhibited a markedly higher value, as Four-week-old male ICR mice were inoculated with serial 10-fold dilutions of each virus in groups of five to eight mice per dilution, and monitored for 30 days, after which mortality was determined. LD &! values were determined by the method of Reed & Muench (1938 reported previously (Nishiyama et al., 1992) . These results suggest that the US2 gene product is not an important determinant for HSV pathogenicity when mice are used as a host.
